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We present a comprehensive theoretical formulation for magneto-optical properties in narrow-
band-gap and zero-band-gap Hg Te-CdTe superlattices. It is found to be crucial that the details
of the unique band structure be taken into account in full generality. Statistical factors also
play a dominant role in the magneto-optical properties, since the location of the Fermi level
determines which of the numerous possible processes will be observable in a given superlattice
at a given temperature and magnetic field. When the calculated spectra are compared with
recent data for semimetallic superlattices, we find that the theory accounts for nearly al1 of the
wide range of unusual features which have been observed experimentally. These include double
hole cyclotron resonances, both electron and hole cyclotron resonance in the low-temperature
limit, the appearance of a second electron resonance at higher photon frequencies and a third
at higher temperatures, and a step in the slope of the electron cyclotron mass as a function of
temper ature.
I. INTRODUCTION
Following several years of controversy and inconclu-
sive interpretations of experimental electronic and op-
tical properties in HgTe-CdTe superlattices, there has
recently emerged a relatively clear picture of the corre-
spondence between band-structure theory and the prin-
cipal experimental findings. While band structures cal-
culated with a small valence-band offset (less than 200
meV) fail to account for the most significant aspects of
the data, the assumption of a large offset appears to yield
good consistency between theory and experiment.
However, it should be emphasized that much of the
progress thus far has been qualitative in nature. There
is now a need for detailed calculations which incorpo-
rate in full generality the unique HgTe-CdTe superlat-
tice band structure. Although the ambient-temperature,
zero-field infrared transmission spectrum has recently
been treated quantitatively, the more dificult prob-
lems of magneto-optical and magnetotransport proper-
ties have received only preliminary attention. Extensive
bodies of experimental data which have recently become
available 6 display numerous features that have not
previously been accounted for theoretically.
The magneto-optical properties of HgTe-CdTe super-
lattices are quite complex. Spectra for semimetallic
superlattices, in particular, frequently display multiple
transmission minima in both senses of circular polariza-
tion, that for which electron cyclotron resonance is active
(CRA) and that for which it is inactive (CHI). While
some of these transitions clearly correspond to electron
and hole cyclotron resonance, it was initially surprising
that there should be so many distinct lines, each having
a different dependence on photon frequency and temper-
ature.
The present work describes a detailed theoretical treat-
ment of magneto-optical phenomena in HgTe-CdTe su-
perlattices. It is found to be crucial that contributions by
a large number of Landau levels and all parts of the Bril-
louin zone be integrated to obtain the final dependence of
the optical absorption on magnetic field. It will be shown
that there are at least three reasons to expect additional
transmission minima in the far-infrared (FIR) spectra for
narrow-band-gap HgTe-CdTe superlattices which would
not be observable or resolvable in wider-band-gap mate-
rials. First, whereas interband (across-the-gap) and in-
traband (cyclotron resonance) transitions are normally
easily distinguishable due to their greatly differing en-
ergy scales, in semimetallic samples they tend to occur
in the same frequency regime and the two can be strongly
coupled. Second, cyclotron resonance transitions occur-
ring at different portions of the Brillouin zone can lead to
separate magnetotransmission minima. Third, ground-
state processes tend to yield resonances which are dis-
tinct from those of higher-order processes. When it is
further noted that each of these features can occur in ei-
ther CRA or CRI polarization, it ceases to be surprising
that multiple lines are observed experimentally for both
polarizations. The particular number and type of transi-
tions actually observed in a given superlattice at a given
cwork of the U. S. Government
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photon frequency, temperature, etc. depends primarily
on the availability of occupied initial and unoccupied fi-
nal states, i.e. , on the location of the Fermi level. For
this reason, we have taken particular care in perform-
ing an a priori evaluation of E~ at each magnetic field
and temperature, using the calculated band structures
in conjunction with net doping densities obtained from
magnetotransport measurements on the same superlat-
tices.
The paper is organized as follows. Section II out-
lines the theoretical approach. The band structure for
semimetallic superlattices in the presence of a magnetic
field is briefly summarized, with emphasis on those as-
pects which strongly influence the magneto-optical prop-
erties. Consequences of the statistical properties are also
discussed, and the magnetoabsorption formalism is then
specified. In Sec. III the theoretical results are compared
in detail to recent data for three semimetallic HgTe-CdTe
superlattices studied in investigations by Perez et al.
and by Dobrowolska et al 'n It. will be seen that most
of the different types of transitions discussed above are
observed as the magnetic field, photon frequency, tem-
perature, and polarization are varied.
II. THEORY
A. Semimetallic superlattice band structure
in a magnetic field
Most of the distinctive features in the magneto-optical
properties of the HgTe-CdTe system can be traced di-
rectly to the unique superlattice band structure. In the
present study, band structures have been calculated using
an eight-band transfer-matrix algorithm which has been
described in detail elsewhere. is i4 Strain is included, is
the valence-band offset is taken to be 350 meV, and it is
assumed that the barriers contain 15% HgTe. Results for
semimetallic superlattices in the absence of a magnetic
field have been discussed previously.
Earlier studies of HgTe-CdTe superlattices in the pres-
ence of a magnetic field along the growth direction
have shown that when E& & 0, the arrangement of the
Landau levels is qualitatively similar to that obtained for
wider-band-gap III-V-compound heterostructures such
as GaAs-Ga~ ~Al As. Both E1 and HH1 are composed
of two concurrent series of levels, labeled primed and un-
primed, which correspond to the two four-band sets of
states discussed for bulk semiconductors by Pidgeon and
Brown. In lowest order, magneto-optical transitions be-
tween the primed and unprimed series are forbidden. The
selection rule for o+ polarization is An = +1 for either
interband or intraband (cyclotron resonance) transitions.
We recently discussed a preliminary treatment of the
magneto-optical properties of narrow-band-gap p-type
superlattices in the low-temperature limit. 8 In contrast
to wide-band-gap systems it was found to be crucial that
the entire Brillouin zone be considered in detail, since
hole cyclotron resonance transitions occurring at the zone
boundary (k, = z/d, where k, is the growth-direction
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FIG. 1. Zone-center (k = 0) Landau levels vs magnetic
field at T = 4.2 K. The dash-dot curve indicates the field-
dependent position of the Fermi level for NA —ND —3 x 10
cm
wave vector) can yield a separate magnetotransmission
minimum which is easily resolvable from that due to
processes occurring at the zone center (k, = 0). This
is due to the strong dependences of the electron and
hole Landau levels on k, , illustrated in Fig. 1 of that
work. It was also pointed out that the conventional dis-
tinction between cyclotron resonance and interband pro-
cesses breaks down in semimetallic superlattices, since
transitions between the same two Landau levels can have
both interpretations at different k, .
The magnetic-field dependences of the electron and
hole Landau levels in a semimetallic HgTe-CdTe super-
lattice (div = 74 A. and d~ = 39 A, where div and dB are
the well and barrier thicknesses) are illustrated in Fig. 1.
Note that the energies for electron levels increase mono-
tonically with increasing B, even though nonparabolicity
causes the dependence to be considerably less than linear.
However, the holes are so nonparabolic that the decrease
of the levels with increasing 8 flattens out completely
at fields of the order of 1 T, and they eventually begin
to increase with B. This is directly related to the ex-
treme nonparabolicity of E(k ) for holes, which is seen,
e.g. , in Fig. 8 of Ref. 1 to have regions of electronlike
dispersion. For the same reason, the hole energid. s do not
vary monotonically with index. Note also that whereas
the spin and Landau-level splittings are nearly identical
at small B (e.g. , the 1'E and 1—E curves lie nearly on
top of one another), the spin splitting becomes somewhat
smaller at larger B. While the ground-state electron and
hole levels (0 and —2') are independent of B at small
fields, higher-order corrections result in the opening of a
small positive energy gap at 8 ) 0.5 T.
J. R. MEYER et al.
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The levels in Fig. 1 can be used to obtain the ener-
gies at k, = 0 for magneto-optical transitions obeying
the bj = +1 selection rule (as well as the requirement
that only states within the primed or unprimed series
are coupled). These are shown in Fig. 2 for electron cy-
clotron resonance active (CRA) transitions, i.e. , the ab-
sorption of a photon results in an electron being excited
to a state with the Landau index higher by +1. As can
be seen from Fig. 1, the lowest-order electron cyclotron
resonance transition at k, = 0 is —2' ~ —1'E. However,
for these particular well and barrier thicknesses the in-
terband process 0 ~ lE has a similar transition energy,
so that the two may sometimes be difficult to distinguish
experimentally. It is noteworthy that for all magnetic
fields the lowest-order electron cyclotron resonance en-
ergy is considerably larger than the energies for any of the
higher-order transitions such as 1'E ~—O'E, lE ~ 2E,
etc. It will be seen below that this leads to the exper-
imental observation of separate features corresponding
to lowest-order as opposed to overlapping higher-order
electron cyclotron resonance transitions. Also illustrated
at the far left of Fig. 2 are higher-order interband pro-
cesses. As in the case of cyclotron resonance, there is
a large separation between AE for the lowest-order in-
terband transition (0 ~ 1E) and those for higher-order
processes (such as 10 ~ 2E). Note also that the "opti-
cal energy gap, " taken as AE for the lowest-order inter-
band process, is comparable to the actual gap between
the valence-band maximum and conduction-band mini-
mum only in the low-field limit. For example, at 8 = 1
T, the optical gap (—2' ~ —1'E) from Fig. 2 is 20 meV
whereas Ez (—2' ~ 0) in Fig. 1 is only 3 meV.
Figure 3 shows a similar plot of AE versus 8 for elec-
tron cyclotron resonance inactive (CRI) processes. As
in Fig. 2, the lowest-order hole cyclotron resonance pro-
Hg Te-Hgp15Cdp 85Te
74K —39k (23 —12)
20— —1'H —+ —2' (k. = 0)
1 H —+0 (0)
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FIG. 3. Theoretical magneto-optical transition energies
vs magnetic field at T = 4.2 K, for CRI polarization. Higher-
order interband transitions such as those at the far left of Fig.
2 have been omitted.
cess at k, = 0 (1H —+ 0) has b,E quite similar to that
fo«he lowest-order interband process, and the lowest-
order cyclotron resonance transition is at a considerably
higher energy than any of the higher-order transitions.
The extreme nonparabolicity of the valence band is quite
evident in this figure. For example, when 8 & 1.15 T
the AE for 1'H ~ O'H actually becomes negative, i.e.,
it leads to a CRA rather than CRI resonance. Along with
the transitions at k, = 0, Fig. 3 also shows the cyclotron
energies for hole transitions at k, = z/d. Whereas the
electrons will preferentially populate states with small k,
at low temperatures, holes will occupy most of the zone
(or all of it, depending on the Fermi level) due to the fiat-
ness of the HH1 band. It may also be seen from from Fig.
1 of Ref. 18 that b E depends strongly on k, . Since ex-
tremal points in the dispersion will tend to be emphasized
in the integration over k„wemay expect that hole cy-
clotron resonance transitions near k, = 0 and those near
k, = n/d should be observable as two separate peaks.
10
—1'E ~ O'E
1E~2E
B. Statistical considerations
O'E ~ 1'E
2E~3E
1'E 2'E
3E ~ 4E
go 15Cdp 85Te
9A (23 —12)
, =0)
00.0 0.2 0.6 0.8 1.0 1.2
B (T)
FIG. 2. Theoretical zone-center (k, = 0) magneto-optical
transition energies vs magnetic field at T = 4.2 K, for CRA
polarization.
It is evident from the discussion above that even if
we confine our attention to the energy range 0—20 meV,
one has the potential for a large variety of resolvable
magneto-optical transitions, which when observable in a
given superlattice at a given doping level, temperature,
and magnetic field will depend primarily on the loca-
tion of the Fermi level. We have therefore taken some
care to treat the statistical considerations in full gener-
ality. In order to avoid the introduction of adjustable
parameters (which can considerably distort the theoret-
ical spectra if improperly chosen), we fix the net impu-
rity concentrations by comparing with detailed magneto-
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transport measurements on the same superlattices as
those studied magnetooptically.
The Fermi level is fixed by requiring charge neut, ality, ,
i.e. )
HHi
p —n =, dk, ) [I —f, (k„B)j27K fl p
El
—) f (k„B)
= NA —ND
where p and n are the electron and hole densities, N~
and ND are the donor and acceptor concentrations, f~
is the Fermi distribution function, and Ez(k, , B) is the
energy of Landau level j. We restrict our attention to
temperatures no greater than 70 K, for which only the
El and HHl bands need be considered. However, at low
to moderate magnetic fields a very large number of levels
must be summed even at that temperature, due in part to
the high density of states in the secondary valence-band
maximum at k~ 0.03 (see Fig. 8 of Ref. 1). In the
present work we have numerically calculated the k, dis-
persion for up to 70 Landau levels in each band, and then
approximated up to 9000 more using the correspondence
with the k dispersion.
Figure 4 illustrates typical temperature dependences
of n and p, obtained from Eq. (1) using the same di4
and d~ as in Figs. 1—3. A net acceptor concentration
of 3 x 10 cm has been employed, corresponding to
the experimental value obtained from magnetotransport
data on sample 1, whose magneto-optical properties
will be discussed below. Although the nominal well thick-
ness based on x-ray and growth-rate data was 64 A, both
the transport and magneto-optical studies independently
yielded fairly conclusive evidence that the superlattice
was semimetallic. According to the band-structure the-
ory, this requires that the well must be at least 23 mono-
layers thick, i.e. , 74 A. We therefore use this value in the
calculations, although it is unclear at present whether
the relatively modest discrepancy of 10 A is due to un-
certainty in the experimental characterization or to un-
certainty in the input parameters to the calculated band
structures. Shown for comparison with the t.heoretical
electron and hole densities at zero magnetic field (solid
curves) are experimental electron densities (points) from
the magneto-transport dataiP (the dashed curves will be
discussed below). At temperatures up to 20 K, the cal-
culated intrinsic electron density n, = (np) ~ follows
the two-dimensional (2D) dependence n; ac Te
where the zero-temperature extrapolation of E& is ap-
proximately zero since the sample is semimetallic. The
2D form is appropriate at low temperatures because the
HH1 band, which contains both the conduction-band
minimum and the valence-band maximum, is nearly dis-
persionless. However, at higher temperatures the carri-
ers begin to populate the E1 band, which has dispersion
along the k, axis, and the 3D dependence on T is more
—E 2knearly followed: n; oc T3~ e ~~ ~ . Furthermore, at
temperatures above 20 K the plot of n;T ~ on a semilog
scale yields a significant negative slope, i.e. , there is an
apparent energy gap. This is because of the very large
density of hole states at the secondary valence-band max-
imum. Even though the primary maximum at k = 0
is energetically favored, the density-of-states ratio is so
large that the majority of holes reside at the secondary
maximum for any temperature above 26 K, and over 90Fo
occupy the large-k states when T ) 50 K. Since the sta-
tistical properties are then dominated by the secondary
maximum, we expect n;(T) to behave as if there is an
effective energy gap. The theoretical result 13 meV for
the energy difference between the primary and secondary
valence-band maxima may be compared with the exper-
imental value 11 meV obtained from the slope of the
data plotted in Fig. 2 of Ref. 10 for this sample. Figure
4 shows that both the magnitudes and the temperature
dependences of the theoretical and experimental electron
densities agree quite well. On the other hand, artificial
removal of the secondary valence-band maximum would
cause n at 70 K to be smaller by over a factor of 3. The
agreement between theory and experiment would then
become quite poor at higher temperatures.
For the same superlattice parameters and net accep-
tor concentration, the dependences of the Landau levels
and Fermi energy on temperature are illustrated in Fig.
5. A magnetic field of 0.1 T is assumed, and the levels
are evaluated at k, = Q. While F& is seen to be negative
1P
Hg Te-HgP 15CdP 85Te
74k —39k (23 —12)
1p16
1p15
1P"
1p13
1P 100
FIG. 4. Theoretical (curves) and experimental (Ref. 10)
(paints) electron and hale densities vs tempera. ture, for a [100]
Hg Te-Hgo. q5Cdo 8q Te superlattice with a net acceptor concen-
tration of 3 x 10 cm . The solid curves are total electron
and hole densities at 8 = 0, while the dashed curves repre-
sent the populations of the ground-state Landau levels at a
magnetic field of 0.1 T.
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This normalization is co~ ~ nvenient because is then where the summation / is over the eight b asis func-
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tions u~ discussed by P idgeon and Brown for bulk
semiconductors, 23 F&i is the envelope function which
contains the spatial dependence on z, and P„is a har-
monic oscillator wave function whose index n depends onj and t. 4 In terms of this 4, the unnormalized matrix
elements for dipole interactions are then
where ( is the unit polarization vector and p is the mo-
mentum operator. We have used wave functions derived
numerically in conjunction with the band-structure cal-
culations discussed above to evaluate the spatial overlap
integrals. Results for the matrix elements are consis-
tent with the known selection ru'les: (1) j —j' = +1
and (2) transitions within the primed or within the un-
primed series of levels are allowed, but transitions con-
necting the two series are forbidden. Although the dis-
tinction between cyclotron resonance and interband pro-
cesses is somewhat blurred in the present system, we find
that cyclotron-resonance-like transitions have matrix el-
ements which are uniformly higher than those of transi-
tions which are primarily interbandlike.
III. INTERPRETATION OF DATA
A. Application of the theory
Characteristics of the three HgTe-CdTe superlattices
to be considered are listed in Table I. Of these, sample
1 will receive the most attention since the data are more
complete for that sample. As was discussed above in
connection with the intrinsic carrier density, we adjust
the well thickness of that sample to 74 A, since both the
magnetotransport and the magneto-optical data strongly
imply that the superlattice is semimetallic in the low-
temperature limit. Similarly, whereas the band-structure
theory with the nominal d~ and dB yields that sample 3
should have a positive energy gap of 3 meV, the magne-
totransport and magneto-optical data again imply that
the sample is semimetallic. In this case we take the well
to be only 1 monolayer thicker than the nominal value,
which is easily within the uncertainty of the determina-
tion. Also shown in Table I are net acceptor densities
and low-temperature mobility maxima for each carrier
species, as determined from mixed conduction analyses
of magnetotransport data for the same three super-
lattices (in the case of sample 3, the magnetotransport
measurements were performed on sample 4, a sister sam-
ple). Mass broadeningi is believed to be responsible for
the observation of two-hole species in each superlattice
(since the holes have a broad range of effective masses,
there should also be a broad range of mobilities). The
two-hole fit should be considered an approximation to a
continuous distribution of hole mobilities.
Past studies have too often attributed a given magne-
toabsorption peak to a specific Landau-level transition
based solely on a matching of the theoretical and exper-
imental resonance energies, without attempting to de-
termine whether the occupation statistics of the initial
and final states favor that particular transition. Here
we employ the much more rigorous and demanding ap-
proach of determining the Fermi-level independently for
each magnetic field and temperature, using the calculated
band structures in conjunction with net acceptor densi-
ties obtained from the magnetotransport results for each
superlattice. This approach yields much more definitive
predictions concerning which transitions are expected to
be observable under given conditions.
The only remaining parameter to be specified is the
relaxation time r. In general, r can be a complicated
function of temperature, magnetic field, and the details
of the band structure. In order to make the compar-
isons between theory and experiment as straightforward
as possible, we have assumed that r has no explicit de-
pendences on T and B. However, it will be seen below
that certain aspects of the experimental magnetotrans-
mission spectra cannot be explained unless we take 7 to
be larger at those k, for which the energy gap and hence
the effective mass is smaller. Furthermore, this hypothe-
TABLE I. HgTe —CdTe superlattice parameters. Characteristics of three Hg Te-CdTe superlattices: Samples No. 1 and
No. 2 (fabricated at Hughes) and No. 3 (fabricated at North Carolina State University) Under d~ we list both the nominal
thickness supplied by the grower (left of the arrow) and the slightly adjusted value employed in the calculations (right of the
arrow). The electron and hole mobilities represent maxima as a function of temperature. ro and s are the relaxation time
parameters which appear in Eq. (6).
Sample
(A) (A)
NA —ND
(cm ')
max
P
ma, x IZ13,X
@pl
(cm /Vs) (cm'/V s) (cm'/V s) (ps)
No. 3 ("BMCCT22S")
[Perez et al. (Ref. 3)]
74 ~ 78 2.4 x 10' 4x10 3 x 10 1.4 x 10 -0.5
No. 1 ("ML-288")
[Dobrowolska et al. (Ref. 10)]
64~ 74 40 3.0 x 10 2x10 1.7 x 10 2.2 x 10' -0.5
No. 2 ("ML-258")
[Dobrowolska et aL (Ref. 10)]
80 40 3.0 x 10 7x10 6 x 10 4 x 10 0.5 -1.0
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sis is entirely consistent with the magnetotransport data.
Note that for the three superlattices listed in Table I, the
ratios pzi/p&2 are 21, 8, and 15. On the other hand, if
we compare the higher-mass (k, z/d) and lower-mass
(near the crossing of the El and HH1 bands) regions of
the Brillouin zone, the band-structure calculation as mell
as the experimental cyclotron results show that the mass
ratios at relevant magnetic fields are only on the order of
5, 3, and 3.5. From the relation p = er/m, we conclude
that the relaxation time itself must have an inverse de-
pendence on effective mass. Assuming the form 7 oc m~
(s ( 0) and relating mass to the calculated cyclotron
frequency (m = eB/~~~+i), we employ the empirical
expression
Data sample No. 3 Theory (s = 0)
T=4.2K CRI
Theory (s = —0.5)
CRI
2.23
2 23
I i I i I i I i i I i I i I i I i i I i I i I i I
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4 0.5
B (T) B (T) B (T)
Since 0.1 T is a typical resonance field for 1owest-order
cyclotron processes when the photon energy is 5 meV
(see Figs. 6, 8, 10, and 11 below), 7o may be interpreted
as a rough indication of the relaxation time for ground-
state electrons and holes in the region of the Brillouin
zone where the energy gap is near zero. Values of 7s
and 8 adjusted to obtain the best overall fits to the mag-
netoabsorption data for each sample are listed in Table
I.
B. CRI polarization
We first consider sample 3, whose calculated band
structure at B = 0.1 T is shown in Fig. 1 of Ref. 18. For
CRI polarization at 4.2 K, we expect three transitions to
dominate the magneto-optical spectrum: —1'0 ~ —2'
at k, = z'/d (hole cyclotron resonance), 1'H ~ —2'
at k, = 0 (interband), and 1H ~ 0 at k, = 0 (hole cy-
clotron resonance). Of these three transitions, the first
passes through resonance at a relatively higher magnetic
field, while the other two nearly overlap at a lower field.
Experimental and theoretical magnetotransmission
spectra for this sample at T = 4.2 K are illustrated in
Fig. 6 for three different FIR laser photon energies: 5.41,
2.97, and 2.23 meV. The experimental spectra indicate
two distinct minima. The theory (with either s = 0 or
s = —0.5) also predicts two minima, although the low-
field resonance actually consists of two poorly resolved
contributions corresponding to the two k, = 0 processes
discussed in the previous paragraph. Since the calcu-
lated resonance fields of the two principle minima agree
quite well with the experimental values, there can be lit-
tle doubt that the earlier interpretationi~ was correct:
both features are due to hole cyclotron resonance in dif-
ferent portions of the Brillouin zone. Note that when the
relaxation time is assumed to be independent of mass
(s = 0), the relative magnitudes of the two minima are
reproduced fairly well at 5.41 meV, but the high-field
minimum is far too strong at 2.23 meV. On the other
hand, when 7 is taken to decrease with increasing mass
(s = —0.5), the relative magnitudes of the two peaks are
FIG. 6. Experimental (Ref. 13) and theoretical transmis-
sion vs magnetic field for sample 3 at T = 4.2 K (three differ-
ent laser photon energies). Although these data were obtained
without a circular polarizer, spectra for polarized excitation
at 5.41 meV indicated the absorption at this temperature to
be primarily CRI. The theoretical curves are for CRI only.
10
1'H -2' (~/d} ~-
a Sample No .3
RI
=4.2 K
0.1 0.2 0.3 0.4
B„(T)
FIG. 7. Experimental (Ref. 13) and theoretical CRI pho-
ton energy vs resonance magnetic fields for sample 3 at
T =4.z K.
in much better agreement with experiment at 2.23 meV,
although the agreement is slightly poorer at 5.41 meV.
The positions of the CRI resonance fields (B„)as func-
tions of photon energy for sample 3 at T = 4.2 K are
plotted in Fig. 7. The low-field and high-field experi-
mental values are given by the circles and triangles, re-
spectively, while the curves show theoretical energy sep-
arations for all three of the transitions discussed above.
The quantitative agreement between theory and exper-
iment is seen to be quite good for both minima. Note
also that the Iow-field experimental points appear to fol-
low the 1H -+ 0 (solid) theoretical curve at small hu,
but the 1'H ~ —2' (—dashed) curve at larger photon en-
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ergies. Near 2.97 meV, the slope of h~ versus B„shows
a discontinuity which was experimentally reproducible.
Actually, the theory predicts just such a discontinuity.
As can be seen from the spectra in Fig. 6, the higher-
field component (1H ~ 0) is the stronger of the two
at photon energies & 5.41 meV. This is primarily be-
cause the 1H and 0 levels are nearly parallel at k, = 0
and the density of states is larger for this cyclotron res-
onance process than it is for the lower-field interband
process. (At low magnetic fields the Fermi level is be-
tween the initial and final states for both processes, so
the occupation factors are favorable for both. ) However,
with increasing 8 the Fermi level approaches the top of
the valence band (—2'), and at some point both initial
and final states of the 1B -+ 0 transition lie below E~.
The lower-field component (—1'H ~ —2') then becomes
stronger and one expects a discontinuity in the position of
the unresolved minimum for the two processes. Although
the present calculation yields that the shift of the mini-
mum should occur near 6 meV rather than 3 meV, the
agreement must be considered quite reasonable since the
result is extremely sensitive to the precise value of the
negative energy gap between 0 and —2' at k, = 0 (which
is affected, e.g. , by small variations in the valence-band
offset). At still larger photon energies (& 10 meV) the
theory predicts a second shift of the minimum back to
the higher-field component. This is because the increas-
ing magnetic field moves the 0 level above EF (see Fig.
1), again making the occupation statistics for the higher-
field component (1H ~ 0) favorable. Once 8 is greater
than 0.3 T, the 0 level is higher than —2' for all k„i.e.,
the field induces a positive energy gap. 2 Although the
second shift of the minimum back to the higher-field com-
ponent is predicted to occur at photon energies larger
than those at which data are available for this sample,
we will see below that the data for sample 1 displayed
multiple discontinuities in the dependence of h~ on 8„.
When we consider the data for samples 1 and 2 at 5
K, io the assumption that the relaxation times should de-
pend on effective mass becomes much more crucial. The
experimental spectra at 5.41 meV in Fig. 8 show low-field
minima similar to those in Fig. 6. However, the high-field
minimum is barely visible for sample 1 and is not resolved
at all for sample 2. This contrasts the s = 0 theoretical
spectra, in which the two minima are of comparable mag-
nitude for sample 1 and the high-field minimum strongly
dominates in sample 2. The assumption that s g 0, how-
ever, leads to much better agreement since the high-field
transitions which correspond to the heavier-mass portion
of the Brillouin zone (k, Ir/d) are weakened by the rel-
atively shorter relaxation time. With decreasing s, the
prominence of the high-field minimum decreases until it
becomes unresolved for 8 = —1.0 in sample 1. As in Fig.
6, the low-field feature for sample 1 consists of both cy-
clotron resonance and interband components. This res-
onance is much less pronounced in sample 1, because in
that sample it corresponds to a non-extremal portion of
the Brillouin zone. While the crossing region is empha-
Data —T=5K
CRI (h~ = 5.41 mev)
Theory (s = 0) Theory (s ( 0)
sample No. 1 sample No. 1 sample No. 1(s = —0.5)
sample No. 2 (s = -1.0)
I I I I I I I I I I I I I I I I I I I I I I I I I I I
0.0 0.2 0,4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 1.0
a (T) & (T) ~ (T)
FIG. 8. Experimental (Ref. 10) and theoretical CRI trans-
mission vs magnetic field for samples 1 and 2 at T = 5 K.
00.0 0.2 0.4 0.6 0.8 1.0
B, (T)
FIG. 9. Experimental (Ref. 10) and theoretical CRI pho-
ton energies vs resonance magnetic fields for sample 1 at T = 5
K.
sized due to the sharp peak in 7, the density of states
is not very high and the peak becomes broadened. This
behavior is evident in both the theoretical (s ( 0) and
the experimental spectra.
The dependences of the CRI resonance fields on pho-
ton energy in sample 1 at T = 5 K are shown in Fig.
9. As in Fig. 7, both of the experimental features are
given, along with theoretical energy differences for the
three relevant transitions. Although the quantitative po-
sition of the higher-field feature is reproduced only mod-
erately well by the theory, part of the discrepancy may
be due to experimental uncertainty resulting from poor
resolution of the resonance. The experimental depen-
dence of the lower-field minimum is qualitatively similar
to that in Fig. 7, except that there appear to be multiple
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jumps back aid forth between the IH ~ 0 (solid) and
—I'H ~ —2' (dashed) theoretical curves (again, these
were experimentally reproducible). The theory predicts
that the higher-Geld component should dominate up to
7 meV, the lower-field component between 7 and 11
meV, and the higher-field again above 11 meV. This ac-
counts for the first experimental shift fairly accurately,
but the second and third are not reproduced. While the
theory has provided a mechanism by which the resonance
minimum can shift discontinuously with photon energy,
it does not yet accurately account for the details of the
experimental dependence.
The experimental and theoretical temperature depen-
dences of the CRI magneto-transmission spectra for sam-
ple 1 are illustrated in Fig. 10. The experimental spectra
show the low-field minimum gradually becoming weaker
with increasing T, while the resonance moves to slightly
lower fields. The theoretical spectra reproduce these
qualitative trends except that as T is increased, the min-
imum disappears much too rapidly. Because the Fermi
level is expected to move up into the conduction band as
holes from the secondary valence-band maximum domi-
nate the density of states, few holes populate the ground-
state Landau level (—2') at higher temperatures (see
Figs. 4 and 5), and the theory predicts a strong decrease
in the lowest-order hole cyclotron resonance absorption.
Since both the CRA magneto-optical data and the mag-
netotransport results confirm that the calculated EF is
approximately correct and that large intrinsic electron
densities are present at temperatures above 30 K, the dis-
crepancy between the theoretical and experimental CRI
spectra at 40 and 50 K is not understood at this time.
C. CRA polarization
Although sample 3 was p type and the CRI data at
T = 4.2 K yielded strong hole cyclotron resonance min-
ima, weaker resonances were also observed for CRA po-
larization at that temperature. ' While Pcrez et al. did
not rule out the possibility that leakage througli the po-
larizer could have been responsible for this result, Do-
browolska et al. also observed CRA resonances at very
low temperatures in p-type samples 1 and 2. Those au-
thors argued that the CRA signal was larger than the
maximum leakage, and also found that at some laser fre-
quencies the shape of the CRA spectrum was distinct
from that of the CRI spectrum. While the observation
of similar low-energy CRA and CRI resonances in the
same p-type samples at low temperatures may seem sur-
prising, the theory predicts that there are two different
processes which can give rise to tliis phenomenon. I"irst,
since the samples are semimetallic, interband transitions
can lead to low-energy CRA resonances. Second, it can
be shown that even in the low-temperature limit, elec-
trons and holes are predicted to coexist in semimetallic
EIgTe-CdTe superlattices at magnetic fields above some
critical value. This is because the —2' level is composed
of both hole states at large k, and electron states at
small k, , yet all are at the same energy. As soon as
the magnetic field becomes so large that all of the net
holes can be accommodated in the —2' ground state, ad-
ditional holes must be balanced by electrons populating
the conduction-band portion of the level.
Figures 11 and 12 illustrate CRA spectra for sample 1
at two diIferent photon energies. We will first consider
Data —sample No. 1
CRI (h~ = 5.41 meV)
Theory Data —sample No .1
CRA (h~ = 5.41 meV)
Theory
70 K T=70K
70 K
50 K 50 K
50 K
40K 40 K
40 K
20 K
20 K
20 K
5K
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 1.0
B (T) B (T)
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 1.0
B (T) B (T)
FIG. 10. Experimental (Ref. 10) and theoretical CRI
transmission vs magnetic field and temperature for sample
1 at fr~ = 5.41 meV.
FIG. 11. Experimental (Ref. 10) and theoretical CRA
transmission vs magnetic field and temperature for sample 1
at h~ = 5.41 meV.
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CRA (h~ = 10.44 meV)
Theory
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0.0 0.5 1.0 0.0 0.5 1.0
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FIG. 12. Experimental (Ref. 27) and theoretical CRA
transmission vs magnetic field and temperature for sample 1
at hem = 10.44 meV. Transition o is 0 ~ 1E, P is —2' ~
—1'E, p is a combination of higher-order electron cyclotron
resonance transitions (1E ~ 2E, 1'E ~ O'E, etc.), an—d b
is the first two higher-order interband transitions (1H ~ 2E
and 1'H ~ O'E). —
the data at T = 5 K, and then discuss the temperature
dependences. Although the low-temperature CRA min-
imum at hu = 5.41 meV (Fig. 11) is much weaker than
the CRI minimum in Fig. 8, the resonance is nonetheless
clearly present in both the experimental and theoreti-
cal spectra. When her is increased to 10.44 meV (Fig.
12),~s the feature becomes much stronger, in agreement
with the theoretical prediction. Furthermore, two dis-
tinct components, labeled o. and P in the figure, become
resolvable. Figure 13 summarizes the experimental and
theoretical dependences of the CRA resonant fields on
photon energy at 5 K. Although the relative weakness
of the minimum leads to more scatter in the data than
in the CRI case, the agreement of the n resonance with
the 0 -+ 1E (solid) theoretical curve is relatively good.
Similarly, the P resonance at 10.44 meV, indicated by the
triangle in the figure, is in reasonable agreement with the
—2' ~ 1'E (d-ashed) curve.
The CRA data at T = 5 K may be understood as
follows. At photon energies below 6 meV, where the res-
onant field is ( 0.1 T, the Fermi level is above the 0
level but below —2' at k, = 0 (see Fig. 1). The occu-
pation statistics therefore strongly favor the interband a
transition (0 -+ 1E) over the cyclotron resonance P tran-
sition (—2' ~ —1'E). However, with increasing h~ and
hence increasing B, the Fermi level moves up (see Fig.
1) and electrons begin to populate the —2' conduction-
band minimum. Thus the electron cyclotron resonance
feature (P) is observable at h~ = 10.44 meV in both the
experimental and theoretical spectra of Fig. 12, although
16
12
/
0.0 0.2 0.4 0.6
sample No. l
CRA
T =5K
I
0.8 1.0
B (T)
FIG. 13. Experimental (Ref. 10) and theoretical CRA
resonance energies vs magnetic field for sample 1 at T = 5 K.
The solid triangle represents the position of the P resonance
at 10.44 meV.
it is still weaker than the interband minimum. While
the CRA data for sample 3 and the 5.41 meV CRA res-
onance for sample 1 are probably due to interband pro-
cesses, the experimental observation of the P minimum
in p-type sample 1 at 10.44 meV appears to confirm the
coexistence of electrons and holes in semimetallic HgTe-
CdTe superlattices at low temperatures and intermediate
magnetic fields.
When the temperature is increased above 5 K, two
principle qualitative trends are observed initially. First,
the minima become stronger due to the thermal genera-
tion of additional electrons. Second, the P resonance at
10.44 meV moves to lower magnetic fields, first approach-
ing the e minimum and then crossing it (Fig. 5 shows that
at fixed field, 6E for 0 -+ 1E decreases with increasing
T while that for —2' ~ 1'E increases —with T). The
temperature at which the resonant fields of the ci and P
minima align corresponds very nearly to the semimetal
to semiconductor transition. For temperatures above the
transition the 0 level lies above —2' at k, = 0 and be-
comes the conduction-band ground state for all k, . This
reverses the interpretations of the two minima, i.e., 0.
(0 ~ 1E) becomes a cyclotron resonance process while
P (—2' ~ —1'E) becomes an interband resonance. Fig-
ure 12 shows that while the semimetal to semiconductor
transition occurs near 40 K in the experimental spectra
and at 20 K in the theory, the qualitative behavior is
quite similar in the two cases. The theoretical transition
point could easily be shifted to higher T by increasing
d~ slightly.
At temperatures above 30 K, the experimental spectra
for both 5.41 and 10.44 meV show the appearance of a
third resonance, labeled p. This feature grows rapidly
with temperature and eventually dominates the entire
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spectrum. The theory accurately reproduces this res-
onance, which corresponds to higher-order electron cy-
clotron resonance transitions. Figure 2 shows that even
at quite low magnetic fields, the ground state to first
excited state cyclotron process has considerably higher
resonance energy than any of the higher-order cyclotron
transitions. At low temperatures, few electrons occupy
any of the Landau levels above the ground state, thus no
higher-order cyclotron resonance feature is observable.
However, at larger T the electrons increasingly populate
excited states (see Fig. 5), leading eventually to domi-
nance by the p resonance.
The temperature dependence of the cyclotron effective
mass, which is directly proportional to the resonance field
(m = eB„/u), is plotted in Fig. 14. Results for both
the p and n minima are shown, where o. is given only at
temperatures for which the feature may be interpreted
as a cyclotron resonance rather than interband process
(T & 40 K for the experiment, T & 20 K for the theory).
The figure illustrates that one cannot uniquely define a
"cyclotron mass" in the present system, since there are
frequently multiple cyclotron transmission minima. The-
ory predicts that the cyclot, ron resonance energies for the
first two higher-order transitions are nearly independent
of T (see Fig. 5). As long as these processes dominate
the y minimum, m~(T) has little slope. However, at tem-
peratures above 40 K higher-order excited processes are
expected to become important and m~ begins to increase.
Higher temperatures lead to participation by transitions
of higher and higher orderhe, nce the mass continues to
increase (this is essentially a nonparabolicity efFect). Al-
though the abrupt step in the slope of the experimental
m~(T) occurs at 60 K rather than 40 K as in the theory,
the two temperature dependences are quite similar qual-
itatively. The experimental and theoretical results for
the o. minimum are also seen to be in reasonable agree-
ment. The theory predicts an increase of rn™with tem-
perature due to the increase of the energy gap with T.
As is evident from Fig. 5, the cyclotron energy for the
lowest-order transition is far more sensitive to Ez than
are the AE for higher-order transitions. Whereas rn
and m~ both increase with T, the reasons are quite dif-
ferent. The former occurs because AE for the particular
ground state transition decreases with T, while the latter
occurs because with increasing T the feature comes to be
dominated by Landau levels of higher and higher order.
Finally, we consider briefly the apparent absence in
the experimental spectra of obvious features related to
higher-order interband processes. Figure 2 illustrates
that at a given magnetic field, the lowest-order inter-
band transition has a far smaller energy separation than
do higher-order processes such as 1H ~ 2E and —1'H ~
O'E. In Fig. 12, the theoretical CRA minimum due to
these particular transitions at 5 K and 1O.44 meV in
sample 1 is labeled b. While no resolved minima are
observed in this portion of the experimental spectrum, it
seems possible that the decrease in transmission at the
lowest magnetic fields may be due to a combination of
unresolved higher-order interband processes. Note that
the downturn at low B is much more pronounced at
10.44 meV than it is at 5.41 meV (Fig. 11), in agree-
ment with the theoretical prediction. The decrease in
magnitude with increasing temperature at 10.44 meV
is also roughly consistent with the theory. While this
identification must be considered tentative, the theory
also predicts that if h~ is increased further, the higher-
order interband minima should become larger and more
easily resolvable. Performing measurements on sample
1 with an ir magneto-optical system employing photons
with h~ & 50 meV, Yoo ef at. have in fact observed a
complicated spectrum of higher-order interband features.
IV. CONCLUSIONS
We have discussed a comprehensive theoretical frame-
work for calculating the single-particle magneto-optical
properties of HgTe-CdTe superlattices. A straightfor-
ward application of the formalism to three semimetal-
lic superlattices for which detailed experimental data are
available demonstrates that nearly all of the main fea-
tures of the data, which were taken by two different
groups on superlattices fabricated by different growers,
are reproduced at least qualitatively in the theoretical
spectra and quantitatively in most cases. Furthermore,
we are able to account for a large number of previously
unexplained phenomena. These include the presence of
two-hole cyclotron resonance minima; slope discontinu-
ities in the field versus photon-energy plots for hole cy-
clotron resonance; the observation of three distinct CRA
minima (n, P, and p) as the photon energy and tempera-
ture are varied; the crossing of the n and P minima with
increasing T (which provides a reasonably sensitive mea-
sure of the semimetal to semiconductor transition tem-
perature); and the discontinuity in the slope of m~ versus
T.
The number of adjustable parameters has been kept
as small as possible, so that the excelleiit qualitative
(and generally quite good quantitative) agreement be-
tween theory and experiment may be seen to have come
about naturally without requiring the manipulation of
a large number of fitting parameters. Well thicknesses
for two of the superlattices were increased slightly over
the nominal values and the parameters 7o and 8, which
pertain to the magnitude and mass dependence of the re-
laxation time, were fixed once for each sample. The mag-
netotransmission spectra were then calculated for broad
ranges of the magnetic field, temperature, photon energy,
and optical polarization without any further adjustments
to the theory. In particular, the Fermi level was inde-
pendently determined by performing a statistical calcu-
lation which incorporates the details of the superlattice
band structure in conjunction with net acceptor concen-
trations from magnetotransport data on the same sam-
ples. We have discussed several prominent features whose
temperature and photon-energy dependences are directly
related to the movement of the Fermi level. These phe-
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nomena would have been impossible to interpret if EF
were taken to be an adjustable parameter. %e also note
in passing that besides contributing to the determination
of X~ —ND, there have arisen several other instances in
which the availability of magnetotransport data for these
samples has proven to be quite valuable (e.g. , in the fix-
ing of the parameter s and in verifying the accuracy of
the calculated Fermi levels).
In the theoretical section, we enumerated a variety
of distinct classes of transitions which could potentially
yield resolvable FIR magneto-optical resonances. The
comparison with experiment confirms that a large num-
ber of these processes have in fact been observed in the
data. Separately resolvable under various conditions are
(1) lowest-order hole cyclotron resonance near k, = 0, (2)
hole cyclotron resonance near I', = n/d, (3) lowest-order
electron cyclotron resonance, (4) higher-order electron
cyclotron resonance, and (5) lowest-order CRA interband
transitions. Furthermore, the consequences of other res-
onances which are not strictly resolvable are also evident.
These include (6) lowest-order CRI interband transitions
(which apparently account for the discontinuities in the
slopes of the photon energy versus resonant field plots of
Figs. 7 and 9), (7) higher-than-second-order electron cy-
clotron resonance transitions [apparently responsible for
the abrupt increase in the slope of rn'r(T) in Fig. 14], and
(8) higher-order CRA interband resonances (possibly re-
sponsible for the downturn of the transmission at low 8
in Fig. 12). Conspicuous by their absence from this list
are any features related to higher-order hole cyclotron
resonance processes. It is obvious from Fig. 3 why this
should be so. For parameters appropriate to sample 1,
the band-structure calculation predicts that energy dif-
ferences for higher-order hole cyclotron resonance transi-
tions eventually reach a maximum as B is varied, and as
a consequence never exceed 4 meV for any magnetic field
of interest (this is due to the extreme nonparabolicity
of the valence band). Since the resonances are expected
to be indistinct unless h~ is below 1.5 meV, it may be
nearly impossible to observe higher-order hole cyclotron
resonance unless the relaxation time of the material can
be significantly increased.
The magneto-optical properties of HgTe-CdTe super-
lattices are seen to be quite complex, due to the large
0.016
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FIG. 14. Experimental (Ref. 10) (points) and theoretical
(curves) electron cyclotron mass vs temperature for sample 1
at hu) = 5.41 meV.
number of possible processes which can contribute dis-
tinct resonances within the relevant FIR spectral range.
Furthermore, the usual differences between interband
and intraband processes are blurred in this system. How-
ever, it is demonstrated that by fully accounting for the
details of the superlattice band structure and by care-
fully modeling the occupation statistics, we can reliably
predict the relative importance of the various processes
under given conditions, and theoretically reproduce the
main features of the experimental spectra.
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